In a newly formuiated growth medium lacking Na+ and NH4I, Saccharomyces cerevisiae grew maximally at 5 ,IM K+. Cells grown under these conditions transported K+ with an apparent Km of 24 ,uM, whereas cells grown in customary high-K+ medium had a significantly higher Km (2 mM K+). The two types of transport also differed in carbonyl cyanide-m-chlorophenyl hydrazone sensitivity, response to ATP depletion, and temperature dependence. The results can be accounted for either by two transport systems or by one system operating in two different ways.
In Neurospora crassa, K+ requirements are quite similar to those of S. cerevisiae (20) . By contrast, higher plants are capdble of growing and accumulating K+ at concentrations more than 1 order of magnitude less (14) . With respect to the differences between yeasts and higher plants, two points are important: K+ requirements in yeasts have been determined in the presence of high concentrations of NH4+ (3) , and K+ transport has been normally assayed in the absence of divalent cations (1, 4) , which may be required (16) . In the present paper we reexamine K+ requirements and K+ transport in yeast in a synthetic growth medium which lacks NH4+ and Na+.
MATERIALS AND METHODS
Organisms. S. cerevisiae X2180.1B (a SUC2 mal gaI2 CUPJ) (Yeast Genetic Stock Center, University of California, Berkeley) was used throughout the work. To study the role of protein synthesis in adaptatiorn to low K+, we used the temperature-sensitive mutant 187 described by Ilartwell and McLaughlin (8) , kindly supplied by R. Sentandreu. A respiration-deficient strain derived from X2180.1B was obtained by treatment with ethidium bromide (21) .
Growth media and culture conditions. Unless otherwise stated, we used a synthetic medium consisting of 8 mM phosphoric acid, 10 mM L-arginine, 2 mM MgSO4, 0.2 mM CaCl2, and 2% glucose, brought to pH 6.5 with arginine, plus vitamins and trace elements recommended previously (22) . This medium contained 2 to 5 ,uM K+ and 5 to 8 ,uM Na+ (as measured by atomic absorption spectrophotometry). KCl was added to obtain the required amount of K+. In some experiments (see Fig. 1 ), we used a similar medium in which NH4+ was substituted for arginine (3) . Cells were grown in flasks (250 to 1,000 ml) in a shaker at 28°C. medium (0) and in arginine medium (0). Growth was followed by plate counting at low cell density to avoid any significant change of the medium during the assay. Growth rate constants (h-') were obtained from growth curves.
In this medium, the growth rate was maximum at 8 FLM K+, the lowest concentration that could be tested. In the presence of NH4', at least 50 times more K+ was required to obtain a similar growth rate (Fig. 1) .
The increase in cell mass and decrease of external K+ owing to depletion for growth (Fig. 2) concentrations was complicated by the fact that, in the absence of added K' during the transport assay, the rate of Rb+ uptake increased with time (see Fig. 7B, control) figure. (B) Cells were prepared as described in the legend to Fig. 4B .
Dependence of Rb+ transport on extracellular pH. Figure 6 shows the variation of Rb+ transport with the pH of the medium in cells grown at micromolar and at millimolar K+. In both cases, transport remained relatively constant as the external pH was decreased from 8.0 to 5.5 but fell as the pH was lowered still further. At pH 4.3 in the 2-,uM-K4 cells, the apparent Km rose fivefold to 44 ,uM, and the Vmax decreased by 30% to 20 nmol mg-1 min-1; in 2-mM-K4 cells, the apparent Km increased about twofold to 10.5 mM, but the Vma, was not affected.
Effect of lowering intracellular pH. In yeast cells, it has been found that intracellular pH has a significant effect on alkali cation transport (17) . To test this effect in cells grown at micromolar and millimolar K4 concentrations, we treated the cells with propionic acid at pH 5.6 to lower the intracellular pH (17) . In both types of cells, the Vmax and the apparent Km of Rb4 transport increased after such treatment ( Table   1) transport to carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) (Fig. 7) . When cells of a respiration-deficient strain (obtained from strain X2180.1B) were grown at 2 ,uM K+, CCCP inhibited Rb4 transport up to 90% as the concentration was raised to 150 p.M. With 2-mM-K4 cells, on the other hand, CCCP did not affect the initial rate of Rb4 uptake (no K4 added) but did abolish the time-dependent increase in rate that took place in the controls. This effect did not increase from 40 to 150 p.M CCCP.
A similar difference was seen when respiration-deficient cells, grown at 2 p.M K+ or 2 mM K4, were depleted of ATP by withdrawing glucose from the medium (19) . Transport of Rb+ was greatly inhibited in 2-p.M-K4 cells despite the chemical gradient of the cation. In 2-mM-K4 cells, however, the effect of ATP depletion was similar to that of CCCP. The Rates of Rb4 transport by cells grown at 2 mM K4 and preincubated in low-K4 medium. Cells were prepared as described in the legend to Fig. 3 , except that preincubation was carried out at a higher cell density (0.2 mg ml-'). At the indicated times, samples of cells were taken, washed, and transferred to fresh medium (about 5 puM K4) with 100 ,uM Rb4 (0), 10 Temperature dependence of Rb+ transport. The 2-,uM-K+ cells and 2-mM-K+ cells also differed in the temperature dependence of Rb+ transport (Fig. 8) . The 2-mM-K+ cells were assayed for uptake at 40 mM Rb+ (a near-saturating concentration); the 2-,uM-K+ cells were assayed at 10 mM Rb+ (again, a near-saturating concentration) and at 100 ,uM Rb+ (a concentration near the Km for those cells). The plots for 2-,uM-K' cells exhibited a breakpoint at 27°C, but the plot for 2-mM-K+ cells was linear.
Appearance of high-affinity K+ transport. To investigate the time course with which high-affinity K+ transport appeared during incubation in low-K+ medium, cells were grown at 2 mM K+, transferred to fresh medium without added K+, and assayed for Rb+ uptake at intervals. A significant increase in uptake of 100 puM Rb+ was seen in less than 1 h, and by 4 h, the uptake rate was maximal (Fig. 9) In addition to the different affinities for substrate, the two modes of K+ transport were also different in temperature dependence, sensitivity to CCCP, and response to ATP depletion. Of these differences, the break in the Arrhenius plot was the most significant. Breaks in Arrhenius plots at the lipid-phase transition temperature are commonly found with transport systems, but they usually involve a change in the increase in transport rate rather than a decrease above the breakpoint. One example of deactivation above 30°C has been described for D-xylose transport in Rhodotorula glutinis and has been interpreted in terms of structural changes above the breakpoint (9) . If one invokes a similar explanation for the break observed in micromolar K+ transport in S. cerevisiae, the results shown in Fig. 6 suggest structural or mechanistic differences in Rb+ transport between 2-,uM-and 2-mM-K+ cells.
Further work will be required to establish the relationship (7, 10) , the transport of sulfate in Penicillium notatum (5) , and the transport of Cl-in Chara corallina (18) . In the present case, it is difficult to explain all of the changes in the kinetics of K+ and Rb+ transport in terms of internal K+. Alternatively, there is good precedent in other organisms for the existence of more than one transport system to cover a wide range of concentrations of an ion. The transport of phosphate by yeast cells (2) and Neurospora spp. (12, 13) , the transport of K+ by Escherichia coli (6) and Anabaena variabilis (15) , and the transport of Rb+ in Chorella pyrenoidosa (11) are all mediated by two transport systems with different affinities for substrate.
